Cerebral vasomotor reactivity to postural change is impaired in patients with cerebrovascular white matter lesions is associated with cerebral hypoperfusion [11, 26, 33] . Regional cerebral blood flow (rCBF) is decreased in the WM lesion compared with normal WM [4, 14, 22] , with cerebral metabolic rate for oxygen (CMRO 2 ) not measurably altered [5, 7, 18, 22, 31] . A decrease of CBF with a relative preservation of CMRO 2 results in an increased oxygen extraction fraction in the asymptomatic WM lesion, whereas both the CBF and CMRO 2 are reduced in parallel in demented patients with the severe WM lesion [36, 37] .
Introduction
Diffuse white matter (WM) lesions are a pathological hallmark of Binswanger's disease, a form of vascular dementia. This WM lesion termed "leukoaraiosis" is frequently observed on magnetic resonance (MR) image in patients with cerebrovascular diseases, and has been associated with cognitive impairment, depression, gait disturbance and future risk of stroke.
Accumulating evidence indicates that the WM lesion s Abstract Vasomotor reactivity is decreased in terms of cerebral blood flow (CBF) response to hypercapnia in patients with cerebrovascular white matter (WM) lesions. This study evaluated whether vasomotor reactivity is altered during postural change in these pa-change significantly in either lacunar infarction or control groups. By contrast, in patients with WM lesions, the CBF ratio in the frontal lobe decreased after rising (p < 0.0001). In the subgroup analysis, there was a significant increase in blood pressure 1, 2 and 3 min after rising (p < 0.05), with a higher tendency in the scale 3 WM lesion group as compared to the scale 2 WM lesion group. The CBF ratio was decreased in both frontal and parieto-temporal areas in the scale 2 WM lesion group, whereas this was significant only in the frontal areas in the scale 3 WM lesion group. Vasomotor reactivity is impaired in cerebrovascular WM lesions, suggesting a susceptibility to postural changes in these patients.
s Key words vasomotor reactivity · CBF · white matter · leukoaraiosis · postural change flects a cerebral vasodilatory response of the intracerebral arterioles and provides a more sensitive hemodynamic index than the baseline CBF [13, 32] . During changes in systemic blood pressure or cerebral perfusion pressure, vasomotor reactivity reflects the vasodilatory response to maintain CBF constant. This index can be estimated from the CBF response to hypercapnia or acetazolamide administration, which is measured with single photon emission computed tomography (SPECT), transcranial Doppler ultrasonography or near-infrared spectroscopy [29] . In the previous studies, the vasomotor reactivity to hypercapnia was reduced in patients with cerebrovascular WM lesions and those with cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL) [1, 2, 12, 16] .
In recent years, an impaired vasomotor reactivity to postural change has been demonstrated using 99m Tc-HMPAO brain SPECT in patients with severe stenosis of the homolateral carotid artery [8, 15] and those with idiopathic orthostatic hypotension [9] . The purpose of the present study was to answer the question as to whether vasomotor reactivity to postural change is impaired in patients with WM lesions. A part of this study has been reported in an abstract form [24] .
Subjects and methods s Subjects
We examined a total of 49 subjects who visited the outpatient clinic of our hospital between May 1998 and January 2001. This series included 28 consecutive patients with significant WM lesions detected on brain MRI (aged from 61 to 78). The WM lesions were graded by Schmidt scale [28] based on T2-weighted MR images, in which scale 0 designated "absent", scale 1 "punctate", scale 2 "beginning confluent" and scale 3 "confluent or irregular periventricular hyperintensities". The significant WM lesions corresponded to Schmidt scale 2 or 3 in the present study. The patients of the WM lesion group were classified into two subgroups according to the Schmidt scale; scale 2 (n = 19) and scale 3 (n = 9).
The patients of the WM lesion group were then compared with 15 patients with lacunar infarction but without significant WM lesions (aged from 62 to 78) and 6 control subjects who visited the hospital for other unrelated diseases (aged from 64 to 79). There was no significant difference in age among the 3 groups ( Table 1 ). The patients with lacunar infarction were examined at least one month after the onset of clinical symptoms. The control subjects consisted of 3 patients with cervical spondylosis, 2 with vertigo and one with depression. Brain MRI, MR angiography and cervical ultrasound sonography were performed in all subjects, so that the patients with severe stenosis of major cerebral vessels were excluded.
We also examined the presence or absence of hypertension, diabetes mellitus, hyperlipidemia, cardiovascular disease, hepatic disease and renal disease as demographic variables in each case. Compared to the control group, hypertension was significantly more common in the WM lesion and lacunar infarction groups (Table 1) . Between the latter two groups, however, there was no difference in any of the risk factors evaluated. Similarly, the number of lacunar infarction identified on T1-weighted MR images was 2.8 ± 1.7 in the WM lesion group, 2.8 ± 1.1 in the lacunar infarction group and 0 ± 0 in the control group, with no significant differences between the WM lesion and lacunar infarction groups.
s Data acquisition
The method for the detection of postural cerebral hypoperfusion was basically similar to that described by Hayashida and coworkers [8, 9, 15] . After inserting a flexible plastic needle into the antecubital vein, the patients were laid on a couch in a quiet and dimly-lit room. Systolic and diastolic blood pressure was measured in supine position twice by an automatic sphygmomanometer before the upright test, and the mean of the two measurements was used as the baseline blood pressure in supine position. Just before the upright test, 99m Tcpertechnetate was added to a nonradioactive kit (Ceretec,Amersham, Tokyo) and gently stirred using a long needle and a three-way stopcock in order to minimize the loss in lipophilic fraction.
After being recumbent for 15-30 min, the subject was instructed to rise from the supine to standing position in about 3s. As soon as the subject stood up, 500 MBq of 99m Tc-HMPAO was intravenously injected in a bolus and flushed with 20 ml saline. To complete 99m Tc-HMPAO fixation in the brain, the subject remained upright for 10 min. Systolic and diastolic blood pressure was monitored with the arm cuff positioned at heart level once every minute while standing. The subject then underwent the first SPECT scan. One hour after the first injection, another 500 MBq of 99m Tc-HMPAO was administered while the subject remained on the SPECT bed. Systolic and diastolic blood pressure was again measured on the scanner bed just before and after the second scan.
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Kruskal-Wallis test was used for continuous variables, and χ 2 test for categorical variables. Significant differences from the control group were noted at *p < 0.01 by Mann-Whitney U test for continuous variables and by χ 2 test for categorical variables. n: number of the subjects who were positive for each item Table 1 Demographic features of the subjects evaluated in the present study
The images obtained in supine position were subtracted from those in upright position to produce the corrected supine images. During each acquisition, the subject was firmly secured to the headrest by a restraint, and the head position was monitored by aligning with reference points to facilitate comparisons between upright and supine brain SPECT images. The mean RI counts per voxel were estimated in the region of interest (ROI) including frontal and parietotemporal lobes. The ratio of the counts in each ROI to those in the bilateral cerebellar hemispheres (CBF ratio) was calculated.
s Statistical analysis
For comparison of the CBF ratio in supine position among the 3 groups, the significance of differences was calculated using the Kruskal-Wallis test. For comparison of the CBF ratio between the standing and supine positions in each group, the significance of differences was calculated using the Wilcoxon test, and the two-way repeated measure ANOVA was used for comparing the blood pressure fluctuation. A p value of < 0.05 was considered to be significant.
Results
The baseline CBF ratio in the frontal and parieto-temporal areas in supine position showed no significant difference among the three groups (Table 2 ). After rising, the CBF ratio in either frontal or parieto-temporal regions did not change significantly in the lacunar infarction and control groups (Table 2, Fig. 1 ). However, in the WM lesion group, the CBF ratio decreased significantly after rising in both the frontal and parieto-temporal areas ( Table 2 , Fig. 1 ). In the subgroup analysis of the WM lesion group, the CBF ratio decreased after rising in the frontal (p < 0.01) and parieto-temporal (p < 0.05) areas in the scale 2 WM lesion group. In the scale 3 WM lesion group, this ratio decreased in the frontal area (p < 0.05), but remained unchanged in the parieto-temporal areas (Fig. 1 ).
In the comparison among the WM lesion group, lacunar infarction group and control group, there were no significant differences in the changes of systemic blood pressure after rising. In the subgroup analysis of the WM lesion group, there was a significant increase of systolic blood pressure 1, 2 and 3 min after rising. There was a tendency of a higher blood pressure in the scale 3 WM lesion group as compared with the scale 2 WM lesion group, but this did not reach statistical significance (Fig. 2) . Diastolic blood pressure did not change significantly at any time after rising.
Discussion
Absolute CBF values were not measured in the present study, because continuous sampling of RI counts in aorta or intra-arterial RI counts was impossible while standing [20] . However, a recent study using PET in normal subjects revealed that rCBF values were increased in the cerebellar vermis and remained unchanged in the cerebellar hemispheres during the upright test, being in concordance with the notion that the cerebellar vermis is a neural substrate for controlling voluntary upright posture, and the use of the cerebellar hemisphere as a reference ROI seems to be validated [25] . In normal subjects, rCBF value measured by the xenon-133 inhalation method has been reported to decrease mildly in the frontal area during a head-up tilt [34] . However, in the present study, the CBF ratio in the frontal ROI was unchanged after rising in the lacunar infarction or control group. The difference from those previous studies may be attributable to the different methods employed for causing postural changes and for the CBF measurement.
Vasomotor reactivity to hypercapnia, breath holding %∆CBF ratio is a percent ratio of the difference of the CBF ratio between supine and standing position to the CBF ratio in supine position. No significant differences were noted in the baseline CBF ratios in each ROI among the 3 groups by Kruskal-Wallis test. Significant difference from the control group at * p < 0.0001 and ** p < 0.01 by Wilcoxon test Table 2 CBF ratio in the frontal and parieto-temporal areas in supine vs. upright position in each of the 3 groups and acetazolamide administration is impaired in pathological conditions such as chronic hypertension, small artery disease and major vessel stenosis [3, 10, 27, 32] . However, little information is available about the association between vasomotor reactivity during postural changes and WM lesions. In the study by Matsushita and coworkers, vasomotor reactivity was impaired with blood pressure decrease during head-up tilt in patients with WM lesions associated with severe hypertension [21] . However, in the present patients, there was no decrease in the blood pressure in the WM lesion group, thereby indicating that blood pressure change is an unlikely cause for the decrease of CBF ratio. Hydrostatic pressure increases after lifting the head, and therefore, this may operate against maintenance of intracranial perfusion pressure. The preserved CBF ratio in the frontal and parieto-temporal regions in the lacunar infarction and control groups signifies that intracerebral arterioles in these regions dilate sufficiently, and hence cerebrovascular resistance is decreased in response to the decrement of perfusion pressure. In normal adults, CBF is maintained at 50 mL/100 g of brain tissue per min provided mean arterial blood pressure is in the range of 60 to 150 mm Hg, and this mechanism is termed autoregulation [14] . Above and below this limit, autoregulation is lost and CBF becomes dependent on systemic blood pressure. In the WM lesion group, the decreased CBF ratio indicates that the intracranial arterioles in the frontal and parieto-temporal regions fail to dilate in response to the decrease of perfusion pressure, and shift the lower end of the autoregulatory curve to higher pressures.
Loss of vasomotor reactivity may be accounted for by proliferation of collagen fibrils and degeneration of the smooth muscle cells, which have been demonstrated in the arterioles of cerebrovascular WM lesions [17] , since these structural changes may reduce the distensibility of arterioles. Alternatively, a decrease of vasomotor reactivity may also be attributable to loss of neurogenic con- Fig. 1 The CBF ratio in the frontal and parieto-temporal areas in supine and upright positions in each group. In the control and the lacunar infarction groups, the CBF ratio did not change significantly after rising. In the scale 2 WM lesion group, the CBF ratio decreased after rising in the frontal (p < 0.01) and parieto-temporal (p < 0.05) areas. In the scale 3 WM lesion group, the CBF ratio in the frontal area decreased after rising (p < 0.05) Fig. 2 Changes of systolic blood pressure after rising in each group. With the use of two-way repeated measure ANOVA, there was a significant increase of systolic blood pressure 1, 2 and 3 min after rising in the subgroup analysis of the WM lesion group (P < 0.05 by Fisher's exact probability test), with a tendency of a higher blood pressure in the scale 3 WM lesion group as compared to the scale 2 WM lesion group trol or endothelium-dependent dilatation of the cerebral vessels. In concordance with this possibility, the level of plasma arginine vasopressin, which reflects a baroreflex function mediated by the brainstem-hypothalamic pathway, failed to increase in patients with Binswanger's disease [23] .
In both the scale 2 and scale 3 WM lesion groups, vasomotor reactivity was decreased significantly, but more prominently in the former in the present study. The relatively mild impairment of vasomotor reactivity in the patients with more severe WM lesions may have resulted from a small number of patients in the scale 3 WM lesion group. However, it is also possible that orthostatic hypertension seen in this subgroup may have alleviated the decrease of cerebral perfusion pressure and hence that of the CBF ratio.
The present study further raises important clinical implications, although it may not necessarily address the pathogenesis of WM lesions. Maladaptation of blood vessels may cause CBF decrease during postural changes, and further deteriorate cerebral ischemia. In Binswanger's disease, blood pressure dysregulation is indicated in terms of non-dipping blood pressure at night time, orthostatic dysregulation and short-term fluctuations [19, 30, 35] . An impaired vasomotor reactivity may cause a reduction of perfusion pressure and a variety of nonspecific symptoms such as dizziness and headache in the subjects with WM lesions, especially when combined with blood pressure dysregulation [6] .
In summary, the present study successfully detected postural cerebral hypoperfusion in patients with cerebrovascular WM lesions by the method by Hayashida and coworkers. In these patients, CBF ratio decreased predominantly in the frontal area after rising, thereby indicating an impaired vasomotor reactivity. 
